Non-invasive light scattering methods provide data on biological macromolecules (i.e. proteins, nucleic acids, as well as assemblies and larger entities composed of them) that are complementary with those of size exclusion chromatography, gel electrophoresis, analytical ultracentrifugation and mass spectrometry methods. Static light scattering measurements are useful to determine the mass of macromolecules and to monitor aggregation phenomena. Dynamic light scattering measurements are suitable for the quality control and to assess sample homogeneity, to determine particle size, examine the effect of physical and chemical treatments, probe the binding of ligands, and study interactions between macromolecules. 
Introduction
Analytical methods such as size exclusion chromatography, native gel electrophoresis, analytical ultracentrifugation or mass spectrometry, are essential to characterize, in terms of homogeneity, mass and size all pure biological macromolecules, including proteins, nucleic acids, assemblies made of proteins and/or nucleic acids, larger well-defined assemblies like ribosomes and viruses. Methods based on light scattering provide complementary data. Static and dynamic light scattering measurements are fast, non-invasive, and require only minute volumes of macromolecular solution.
Static light scattering (SLS) exploits the proportionality relationship between the intensity of the light scattered and the mass and concentration of the macromolecule to derive the mass of the latter [1, 2] .
Dynamic light scattering (DLS, in which the word "dynamic" refers to objects moving freely in solution), records the fluctuations of the light scattered by the macromolecules as a consequence of Brownian motion and derives its size [3] [4] [5] . DLS is ideal to search for slowly diffusing particles (such as aggregates) and gives within seconds the size distribution in one microliter of solution [6] .
The goal of this article is to convey, to students and researchers who are not familiar with light scattering methods, practical information about the application of the latter to determine reliable masses and sizes of macromolecules. Inevitably, the experimental aspects developed in detail may seem obvious to the specialist. A selection of original results obtained on a biophysics facility illustrate the wide array of applications the light scattering methods can have for the study of biological macromolecules and assemblies, as well as of systems composed of non-biological molecules.
Theoretical concepts

SLS
The Rayleigh-Debye-Zimm formalism expresses the mass of small isotropic particles as a function of the variation of the excess of scattered light intensity as:
Kc/R = (1/M P) + 2A2c + higher terms (1) where R is the Rayleigh ratio of scattered light to incident light, M the mass of the particle, c its concentration, and A2 the second virial coefficient characterizing the interactions between particles.
K is an optical constant defined as: where is the wavelength in vacuum, n the refractive index of the solvent, dn/dc the increment of refractive index of the macromolecule per concentration unit, and NA the Avogadro number. P is related to particle size by: 
where Rg is the radius of gyration, i.e. the root mean square radius of the scattering elements, and  the angle at which I is measured. By convention,  is measured clockwise starting from the light beam that exits the solution.
Intensity measurements at several angles and at various concentrations are necessary to determine simultaneously three properties of the dissolved particles using the Zimm plot representation [2] .
(i)
Rg is derived from the slope of Kc/(Imeasured-Isolvent) at various  angles extrapolated at c = 0, (ii) A2 is obtained from the slope of Kc/(Imeasured-Isolvent) at various concentrations extrapolated at  = 0, and (iii) 1/M from intercept of the two previous graphs with the y axis. Size-exclusion chromatography separates, according to their hydrodynamic properties, the large particles from the interesting macromolecules producing a weaker signal before the detector measures I. Absorbance and refractive index measurements monitor macromolecular concentration c, required to calculate M and
A2.
In single-angle SLS, as it is applied below, P is assumed to be 1 for scatterers that are isotropic and small with respect to (radius ≤ ). The Rayleigh-Debye-Zimm equation then reduces to
Kc/R = (1/M) + 2A2c
A Debye plot representing I as a function of c is used to determine the mass of the particle by comparing I (after subtraction of the intensity of the solvent) to that of toluene [7] . The graph of Kc/R vs. c extrapolates at 1/M for c = 0 with a slope equal to A2.
The most performing commercially available MALS system measures I at eighteen angles for the accurate determination of absolute mass and A2. For most applications, an instrument doing measurements at three angles (e.g. at 49°, 90°, and 131°) is sufficient (Fig. 1A) . In both cases, the macromolecule must be dilute to suppress multiple scattering. Small-angle X-ray scattering (SAXS) setups installed in laboratories or on synchrotron radiation sources are very similar to MALS setups, except that X-rays replace visible light and that the detector records the signal on a two-dimensional detector instead of a point. At low concentrations, the slope Rg 2 /3 of the linear part of the Guinier gives access to Rg owing to an approximation [8] .
DLS
According to Einstein's treatment of diffusion in liquids, the mean square displacement x 2 of a molecule is related to its mutual diffusion coefficient D and to time t so that:
D is inversely proportional to particle dimension and contains information about its size, shape and mass in a given medium and at a given temperature. Point scatterers with sizes below /10 produce Rayleigh scattering.
Dynamic light scattering (DLS) is a more recent designation for photon correlation spectroscopy (PCS) and for quasi-elastic light scattering (QELS), where quasi-elastic refers to the bouncing of photons when they collide with molecules or particles. DLS instruments are composed of a laser light source, a sample holder and a detector positioned at a fixed angle to collect photons in the plane of the laser beam (Fig. 1B) . At short time intervals, a digital correlator compares the electronic current pulses converted to voltage pulses, fits the experimental data, builds an autocorrelation function that describes how the signal varies with time, and downloads the processed data onto a computer for further processing and display.
When a coherent light source illuminates a macromolecular solution, the intensity of the light scattered by the macromolecule fluctuates around a mean value. A speckle pattern is visible with the naked eye when very large slowly diffusing particles are present. The temporal fluctuations contain information about the dynamic process. The continuously changing distances between scatterers, result in constructive or destructive interferences by surrounding particles when the intensities add or subtract. The normalized second order autocorrelation function (ACF) of the scattered light intensity, i.e. the plot of the correlation coefficient vs the delay time  generated by the correlator that describes particle motion then writes:
where <I(t)> denotes the scattered total intensity at time t and the brackets indicate the time average.
If the time interval between intensity measurements is smaller than the delay time (also known as correlation or characteristic time), then a size distribution of the solute can be extracted from In the most general case, g (2) () follows the Siegert relation:
g (2) () = B +  × {g (1) 
where B is the baseline of the measurement (equal to 1 when all correlation is lost),  a constant that depends on instrument geometry and optics, and g (1) () the normalized electric field time ACF that describes the dynamic process.
This ACF takes several forms depending on the composition of the sample as well as on the size and shape of the scatterers. The ACF of a population of identical particles decays exponentially and:
whereis the time relaxation of the decay and  the decay rate:
where D is the mutual diffusion coefficient of the particles and q the magnitude of the scattering wave vector equal to:
where n is the refractive index of the solvent, the wavelength in vacuum, and the scattering angle.
 is small at small angles. Hence, the relation between  and q is:
Particles with sizes smaller than ~ (or ~60 nm) are isotropic scattering centers that scatter light with the same intensity in all directions within the detection plane. On the opposite, particles with greater dimensions scatter more light forward, i.e. at small  angles, and contribute more to the total intensity at ≤ 90°. Two mathematical methods extract particle size from DLS measurements. The method of cumulants [9] gives access to and hence to the distribution of decay rates of solutions containing a single population of particles. It either extrapolates the linear part onto the linear time axis (see Supp. Fig. 1B) .
The latter approach assumes a Gaussian size distribution with a mean corresponding to the average size (calculated from first cumulant or moment) and a width corresponding to sample polydispersity (calculated from second cumulant) (see Sup. Fig 1C) . The size distribution (PSD) of a population of identical particles is mono-(or uni) modal.
For a hard sphere, the Stokes-Einstein relation links the diffusion coefficient to the radius of a sphere. The hydrodynamic radius rh is the radius of the hard sphere that has the same diffusion coefficient. In the Stokes-Einstein relation
kB is Boltzmann's constant (1.381 x 10 -23 J/K) and  the absolute (or dynamic) viscosity of the solvent.
The expression at the denominator is the friction constant. rh is proportional to the time relaxation of the decay and to the inverse of D:
For a sphere, Rg/rh ~ 0.77. The Rg of most hydrated macromolecules (e.g. proteins) is slightly smaller than the geometric (i.e. the dry) radius obtained by image analysis. Biologists may prefer to express particle sizes as hydrodynamic diameters, dh, instead of radii, rh.
If the diffusion coefficients of two populations of particles differ by a factor > 10, then PSD is bimodal and a single exponential function cannot fit the ACF. Smaller differences give a broad unimodal distribution. The mathematical inversion with the constrained regularization algorithm CONTIN [10] represents g() by an integral over the distribution of normalized decay rates. Most DLS software apply to every measurement a Mie scattering function across the size range beyond 100 nm.
In extremely dilute (or ideal) solutions in which all molecules are soluble, the translational diffusion coefficient D0 is equal to the mutual diffusion coefficient D. In non-ideal solutions, there exist inter-molecular interactions and D decomposes as:
where kD is the interaction parameter and c the concentration. Very large negative values of kD are associated with attractive interactions. 
Sample preparation
The users of the facility prepare their macromolecules. They calculate the refractive index and the absolute viscosity of their solvent using values found in a database, or measure them with the auxiliary instruments available at the facility (see procedures under supplementary material). In what follows, references indicate articles describing the preparation of the mentioned macromolecules and figure legends contain information about the solvents.
Light scattering measurements
The goal of preliminary measurements is to identify experimental conditions in which the response of the detector is proportional to macromolecular concentration (Supp. Fig. 2 ) using clean quartz cuvettes and solvent filtered through a membrane with a pore diameter of 0.1m and degassed with argon. Pure and dehydrated toluene serves as the universal reference in SLS [7] . Subtraction of the SLS measurements at a single scattering angle imply to measure I on a series of dilutions one after the other in the same cuvette and at a concentration that remains closest to the theoretical value.
Gentle but insufficient mixing after dilution or a wrong extinction coefficient, result in errors on c and hence on M. For a SEC-MALS analysis, ~100 micrograms protein (i.e. ~50 L at 2 mg/mL) are loaded onto the chromatography column and eluted at 0.5 ml/min. Absorbance and/or refractive index are measured online for an accurate quantification of macromolecular concentration.
In SLS, the calculation of particle mass requires the solvent refractive index n and the increment of refractive index with concentration dn/dc of the dissolved particles (see above Eqs. 2 and 3). In DLS, the calculation of particle size takes into account the solvent refractive index n and absolute solvent viscosity  (see Eqs. 10 and 12). Any dissolved substance influences the refractive index n and the viscosity  of the solvent.  varies more with temperature than n. Supp. 
Analysis and interpretation of results
Particle masses determined by SLS are realistic only if I varies linearly with c and if the macromolecular solutions do not contain larger scatterers that increase the scattering signal. As mentioned above, an experimental error on c or on I generates an error on M.
DLS measurements are performed to find out if a solution contains one or more populations of particles and to determine its mean rh or dh in the first case. Monomodal (or unimodal) macromolecular solutions are characterized by a single exponential ACF and a distribution fit that goes through all experimental points and reach rapidly the baseline (e.g. within 1.000 ± 0.002 as displayed by some software). In addition, I varies by less than 10% from one measurement to the next. The sum of the squares of the deviations from the mean is low (e.g. between 0.1 and 5). The calculation of Mr from rh or dh leads to an erroneous value if the particle's shape deviates from that of a sphere or d there are strong interactions between particles. Further, DLS software apply an empirical power law derived from a small set of proteins that are supposed to be globular [12] . For this reason, it is recommended to determine rh (or dh) at various concentrations and to extrapolate to zero concentration. A MALS analysis is an alternative for it gives an absolute Mr. Shear forces inside the SEC column may break down aggregates (as electrical fields may do during electrophoresis) and macromolecules may then appear more homogeneous. Therefore, it may be interesting to compare the result with that of measurements done in batch. Analytical methods based on other principles, such as ultracentrifugation and mass spectrometry may be helpful at this stage.
The comparison between the dry mass derived from chemical composition and the mass of the hydrated particle informs about the particle's shape. DLS software calculate also a frictional coefficient (f = 6rh in Eq. 7) and/or a Perrin factor (i.e. the ratio of the frictional coefficient of a sphere having the same volume as the particle to that of a sphere of same Mr). Cryo-electron microscopy is a direct means to visualize hydrated particles.
Advantages and limitations
SLS and DLS analyses are not invasive as long as the wavelength of the laser is adapted to the color of the solute so that the light is not absorbed, and the experiment temperature is compatible with the stability of the macromolecule. In batch analyses, the macromolecules are in true solution conditions, i.e. they are not subjected to any forces that alter their size or mass distribution.
On the one hand, SLS experiments in a cuvette have the disadvantage that few large scatterers contribute strongly to the total intensity and lead to an overestimation of the particle mass. On the other hand, DLS cannot resolve particle populations whose diffusion coefficients differ by a factor below ten. It is not reasonable to extract PSDs from intensity ACF of mixtures of three or more populations of scatterers, even if the size differences between them exceed one order of magnitude.
Titration experiments can provide valuable information about the association of small molecules and large macromolecules (see Result section).
From qualitative to quantitative data
Single-angle SLS measurements executed under best conditions yield reliable masses. For DLS, the 90° angle chosen by most instrument manufacturers is a good compromise for proteins and e.g. 
Results and discussion
SLS
Mass determination
The major application of single angle SLS is the determination of the mass of solute macromolecules or particles. On the one hand, the Debye method using I measurements at several concentrations, gives good results with the bacterial nucleoprotein complex called transamidosome (see Fig. 8 of ref. [12] ). On the other hand, SEC-MALS confirms that the plant protein PRORP-2
from Arabidopsis thaliana is a monomer with Mr ~ 60,000 but this is not clear at all in SEC alone because of the elongated shape of the molecule (Fig. 2) . Analytical ultracentrifugation and SAXS data confirm this oligomeric structure [13] .
Aggregation phenomena
A small number of particles with great dimensions enhance strongly the scattering signal of a population of smaller scatterers since the intensity of the scattering is proportional to the sixth power of the particle diameter. This property is advantageous to track and monitor two types of aggregation phenomena. The first type discussed hereafter, includes (i) small molecules such as peptides that are insoluble under various experimental conditions, (ii) a gel forming polysaccharide and (iii) detergents micelles. The second type, discussed in section 4.2.1., includes aggregates that are either present or appear in solutions of biological macromolecules.
The measurement of the intensity of the light scattered by the synthetic antitumor peptides m2d and m3d [14] , whose cell toxicity is not a linear function of concentration, is a straightforward means to estimate their solubility limit. In Supp. Fig. 5A , I varies linearly only in a limited peptide concentration range in the cell culture medium and insoluble matter forms above a critical value.
Similarly, the cellular response to phosphopeptide P140 issued from spliceosomal U1-70K snRNP protein and recognized by lupus CD4+ T cells, is proportional to c only in the interval where the peptide is soluble [15] . In Supp. Fig. 5B , I measurements also define the solubility limit of cathecol- I measurements are also a means to estimate the critical micellization concentration (cmc) at which micelles form in detergent solutions. Micelles are composed of a number of detergent monomers called the aggregation number. Supp Fig. 5D is the graph of I = f(c) for the non-ionic detergent octyl glucoside in water at 20°C. As with other methods, the cmc is a concentration interval, here from 25 to 30 mM in agreement with published data [17] . This method is as fast as manual surface tension measurements.
Estimation of extinction coefficients
The proportionality between the scattered intensity I, particle Mr and c is practical to estimate the extinction coefficient of a virus of known size. Grapevine Fan Leaf Virus has an icosahedral and quasi-spherical shape. Its diameter is very close to that of Brome Mosaic Virus whose extinction coefficient is E260 nm = 5.1 mg/mL/cm. The intensity of a virus suspension having the same absorbance at 260 nm leads to E260 nm ~ 9 mg/mL/cm for GFLV. This value is close to that calculated from amino acid and nucleotide composition [18] .
DLS
Contemporary DLS instruments measure particle sizes over three orders of magnitude, from one nanometer to 1000 nm, or covering roughly the dimension range encompassing that of small proteins to that of viruses and bacteria (Supp . Fig. 6 ). The array of applications is broad, from the detection of aggregates to the monitoring of the self-association of diverse biological macromolecules and the determination of particle sizes for the purpose of structural studies. Most of the time, the limits are set more by experimenter's imagination than by technical constraints.
Aggregation
More than 90% of the pure proteins analyzed for the first time by DLS at the facility are heterogeneous despite optimized purification protocols. At a first sight, this may seem contradictory with the fact that these proteins are pure according to electrophoresis, size-exclusion chromatography, and mass spectrometry criteria. In reality, these proteins do not contain any foreign macromolecules but frequently clusters composed of a few to thousands randomly associated macromolecules called aggregates. For this reason, their quality is not of satisfactory for accurate biophysical studies. Ref.
[19] summarizes the various causes and effects of heterogeneity.
Supp. Fig. 7 illustrates how limited proteolysis reduces the heterogeneity of human mitochondrial tyrosyl-tRNA synthetase [20] . This result has urged the production of a genetically engineered protein deprived of its floppy C-terminal S4-like domain (subunit Mr of 40,000, dh~7,6nm). The homogeneity and compactness of this novel molecule favor the growth of well-ordered crystals whose diffraction quality has yielded a high-resolution 3D structure.
The detection of large scatterers during the aggregation of proteins that follows the dissociation of their subunits is practical to study their thermal stability. The transition temperature (Tm) of aspartyltRNA synthetases from E. coli (ecDRS) and from human mitochondria (hmDRS) increases in the presence of a synthetic analog of the catalytic intermediate (aspartyl-sulfamoyl adenosine, AspSA).
In Fig. 3 , the Tm of both proteins differ by 10°C, but only by 7°C when the ligand is present.
Differential scanning fluorimetry analyzes confirm these results [21] .
Size of quasi-spherical viruses
There are no interactions between capsids in dilute suspensions of pure viruses. In vacuum in the transmission electron microscope [23] . All these DLS analyzes take about ten times less solution volume and are ten times faster than analytical ultracentrifugation.
Oligomerization of a membrane protein
The ACFs and PDSs in Fig 5A and B show the effects of two non-ionic detergents on the solubility of the voltage-dependent anion-selective channel VDAC-34 involved in the translocation of transfer RNAs through the mitochondrial outer membrane [24] . In Fig. 5C , real intensities replace the percentage of total intensity on the Y-axis of the graph after subtraction of the scattering signal of the detergent micelles from that of the protein surrounded by micelles. In the presence of lauryl dimethyl amine oxide, the pure protein behaves as a homogeneous population with a mean dh ~5 nm (Fig. 5A-C ) corresponding to the monomer (Fig. 5D) . In the presence of octyl glucoside, VDAC-34 forms objects with dh ~15 nm that have the size of the hexamers visualized by atomic force microscopy [25] . Beside this, the PSDs of solutions of detergents that are used with membrane proteins in Supp. Fig. 8 , show that the size of the micelles is well defined. This is astonishing because of the dynamic nature of the micelles, which are either prolate or oblate objects characterized by a limited lifetime during which the individual detergent molecules continuously exchange [26] .
Asymmetrical macromolecules
Spherical biological macromolecules are exceptions. The shapes can be anything else, for instance ellipsoids, discs or donuts. The sliding clamps involved in chromosomes replication are homodimers with ring-like shapes with dh from 9 to 11 nm in DLS [27] . ,000 and dh = 6.5 ± 1 nm [28] . In Fig. 6 , the formation of a complex with dh = 8 ± 1 nm is seen upon saturation with tRNA despite the shape complementarity.
In the case of a camel single domain antibody (sdAb) with Mr~15,000 that binds to Grapevine Fan Leaf Virus (dh ~32 nm, Mr ~ 5 10 6 ), DLS detects an increase of the diameter of the capsid by 3 nm. This is enough to assess the formation of a complex and to establish that 60 molecules bind per capsid, in either titration or single addition experiments (Fig. 7) . The 3D structure of the complex solved by cryo-electron microscopy indeed reveals 60 antibody molecules bound per capsid [29] . The increase of dh by respectively of 11 nm and 18 nm with sdABs substituted by Green Fluorescent Protein (Mr ~27,000) or dimeric alkaline phosphate from E. coli (Mr 94,000) is a further argument in favor of the association. The negative control of these investigations is a natural mutant of the virus not recognized by the sdAb.
In incremental titration experiments, three or more ligands bind to a macromolecule one after the other. The asparaginylation transamidosome of Thermus thermophilus is composed of a nondiscriminating aspartyl-tRNA synthetase, an amidotransferase and tRNA Asn . Supp. Fig 9A shows that none of the macromolecules participating in the complex is spherical. The transfer RNA has the shape of a boomerang, one protein resembles a parallelepiped and the other is elongated. In which order do the components associate? DLS shows that the two proteins have no affinity one for the other but that a ternary complex forms as soon as tRNA Asn is added in the presence of aspartic acid, Mg 2+ ions, ATP, and glutamine as a donor of NH2 (see Supp. Fig 9B)[30] . This complex has a D~3.0 10 -7 cm 2 /s and dh ~13.6 nm, corresponding to an equivalent sphere with Mr ~300,000. According to 16 Version 20171218 the Debye graph obtained after single angle SLS measurements, Mr ~ 400,000 as compared with ~300,000 in analytical ultracentrifugation and ~380,000 in size exclusion chromatography. SAXS analyses indicate that the maximal dh ~18.5 nm, Rg ~5.5 nm and Mr ~325,000 ± 50,000. The crystallographic 3D structure of the complex reveals that it contains one additional dimeric aspartyltRNA synthetase molecule carrying two tRNA molecules and has a total Mr ~ 550,000 (Supp. Fig   9C)[31] . This implies that the process of crystallization traps a transient state and that the soluble complexes is very dynamic. Other DLS analyses show that in Helicobacter pylori, the tRNA associates first with the transamidase, and the aminoacylation and transamidation reactions occur once aspartyl-tRNA synthetase binds to this complex [32] .
It may be challenging to demonstrate with DLS alone, that macromolecules with complementary shapes do associate. At variance with the case of methionyl-tRNA synthetase displayed in Fig. 6 , the attempt to demonstrate that homodimeric human mitochondrial aspartyl-tRNA synthetase (Mr ~2 x 70,000) binds tRNA Asp from E. coli (Mr ~25,000) fails. In Supp. Fig. 10 , the complex has not a much greater dh than the free enzyme although enzymology assays prove that one tRNA binds per monomer with a good affinity [21] . A MALS analysis would be more successful because of the Mr difference of ~40,000.
Inter-molecular interactions
Light scattering is appropriate to investigate interactions between proteins [33] . A Debye graph with a positive slope indicates that there are interactions. Homodimeric human mitochondrial aspartyl-tRNA synthetase shares 43% sequence homology with its homolog from E. coli [21] . The
Mr of the polypeptide chains are ~70,000 and ~66,000, respectively. The dh of mitochondrial enzyme is significantly greater than that of the bacterial one at a concentration of 10 mg/mL (Supp. Fig. 11A ).
Does this mean that the enzymes differ really in size? In Supp Fig. 11B , I measurements after sequential dilution confirm that the bacterial protein is the most soluble in this solvent. At c = 0, however, the graphs extrapolate to the same diffusion coefficient (D0~3.5 10 -7 and ~3.4 10 -7 cm 2 /s, respectively) meaning that both proteins have actually comparable sizes. Their dh = 9.3 nm and 10 nm, are those of spherical proteins with respectively Mr~125,000 and Mr ~145,000. These values are close to the 132,000 and 140,000 calculated from amino acid composition. The 3D crystallographic structures of both protein confirm that they have the same dimensions (Supp. Fig. 11C ) [34] . These data illustrate that the interactions in a 10 mg/mL solution lead to the false impression that the mitochondrial enzyme has a dh of 11.7 nm, equivalent to that of a spherical protein with Mr 210,000, that is in other words 50% greater than in reality. 
Discussion and conclusion
Homogeneous macromolecules are of paramount importance to obtain reliable quantitative data, such as molecular masses and sizes. This holds also true for binding stoichiometries, affinity constants between molecules, or thermodynamics interaction parameters obtained using a variety of biochemical and biophysical approaches [33] . DLS is an attractive non-invasive analytical tool for the quality control, i.e. to verify the homogeneity of macromolecular preparations, before undertaking time-consuming and expensive biophysical studies [19] . Together with gel electrophoresis, size exclusion chromatography, ultracentrifugation and mass spectrometry, it is suitable for the fast analysis of proteins, nucleic acids, ribosomes and viruses in the molecular and structural biology laboratory. It reveals that many pure macromolecules are in reality heterogeneous [35] . The introduction of a SEC step prior to light or X-ray scattering measurements eliminates the effect of large aggregates, and provides more meaningful Rg and A2. As noted above, DLS measurements are a simple way to determine the size of biological and non-biological molecules and particles. They help identify solvents in which macromolecules are more stable, and e.g. in which carbon nanotubes are soluble [36] . DLS is rapid to ascertain the size of liposomes, vesicles (e.g. [37] ) and exosomes (e.g. [38] ). It is ideal to compare the solubility of mutated proteins, investigate transitions from native to denatured states, in parallel with circular dichroism measurements [36] . The only thing to bear in mind is that the DLS raw data require corrections to take into account macromolecule and solvent
properties. Amongst the innovations in light scattering analysis are plate readers performing measurements on large numbers of samples, e.g. for the study of label-free protein-protein interactions in solution [39] . Zeta potentials derived from electrophoretic DLS measurements [40] as well as the combination with Raman spectroscopy allow a better characterization of protein aggregates in pharmaceutical formulations [41] . Ref. [42] lists several other recent applications.
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Supplementary material
Corrections for sample properties in SLS
The computation of particle mass from Eq. 3 requires the increment of refractive index (dn/dc).
Proteins with an average amino acid composition have a dn/dc in the range 0.18 -0.19 mL/g. It may be necessary to determine the dn/dc of nucleic acids or of assemblies made of proteins and nucleic
acids. An Abbe refractometer is useful to measure the refractive index on ten microliters solution at one or a few precisely known concentrations (e.g. 10 to 20 mg/mL calculated from measured absorbance and from extinction coefficient, either calculated from the chemical composition or determined experimentally).
Corrections for solvent properties in DLS
The refractive index n and the viscosity  of the solvent in The mean dh increases from 6.5 ± 1 nm to 8 ± 1 nm after saturation with the ligand. 20°C in the Nanostar on sdAB at 1 mg/mL, virus at 0.1 mg/mL in 150 mM NaCl (n = 1.332,  = 1.018).
(C) 3D crystallographic structures of the antibody (PDB, 5foj), the virus (PDB, 4v5t) and the complex (PDB, 5foj) at scale (from left to right). 
